Background {#Sec1}
==========

The ErbB Family of receptor tyrosine kinases bind various extracellular growth factors and play a crucial role in regulating cell growth and proliferation \[[@CR1], [@CR2]\]. The four members of the ErbB Receptor Family are the epidermal growth factor receptor (EGFR, ErbB1), HER2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4) and comprise an extracellular ligand-binding domain (except for HER2), a single membrane-spanning domain and, on the cytoplasmic side of the cell membrane, a tyrosine kinase active site (except for HER3) \[[@CR3]\]. Binding of extracellular growth factor ligands to the ErbB Receptor Family causes a structural change in the receptor which facilitates dimerization of the receptors, which can form homo- or heterodimers. This stimulates their tyrosine kinase activity, initiating intracellular signaling cascades \[[@CR2], [@CR4]\]. HER2 has no associated ligand, but functions as a co-receptor with the other members of the ErbB Family -- it is the preferred dimerization partner for the other receptors \[[@CR3], [@CR4]\].

Dysregulated signaling via members of the ErbB Receptor Family plays a role in different tumor types \[[@CR3], [@CR5]--[@CR7]\]. As a result of this observation, a number of compounds have been developed which inhibit signaling via the ErbB Receptor Family tyrosine kinases. The currently available small-molecule tyrosine kinase inhibitors, gefitinib and erlotinib, target EGFR and have improved clinical outcomes in non-small cell lung cancer (NSCLC) \[[@CR8]--[@CR12]\]. Similarly, the humanized monoclonal antibody, trastuzumab, directed against the extracellular domain of the HER2 receptor, is indicated for the treatment of HER2-positive breast cancer in the adjuvant and metastatic setting, as well as the small molecule dual EGFR and HER2 tyrosine kinase inhibitor lapatinib in combination with capecitabine, which has clinical efficacy in metastatic breast cancer \[[@CR13], [@CR14]\]. The success of these agents validates the ErbB Receptor Family as a target for cancer therapy.

Further developments in understanding how the currently available reversible tyrosine kinase inhibitors mediated their effects on the ErbB Receptor Family led to the design of afatinib (BIBW 2992), an oral irreversible ErbB Family Blocker with half-maximal inhibitory concentration (IC50) values of 0.5 nM, 14 nM, 1 nM and 10 nM for EGFR, HER2, HER4, and EGFR L858R/T790M, respectively \[[@CR15], [@CR16]\]. Afatinib irreversibly blocks ErbB Receptor Family tyrosine kinase activity and, in doing so, is thought to inhibit all cancer-relevant ErbB Family dimers. In preclinical models, this prevents tumor growth and can also initiate tumor regression \[[@CR16]\]. So far, afatinib has demonstrated substantial, sustained activity in vitro and broad spectrum activity in vivo xenograft models \[[@CR16]--[@CR18]\].

Several Phase I studies have investigated the safety and antitumor activity of afatinib monotherapy when administered either as a 2-week on/off schedule \[[@CR15]\], a 3-week on/1-week off schedule \[[@CR19], [@CR20]\] or as continuous dosing \[[@CR21]\]. The recommended Phase II dose (RP2D) of afatinib was reported as 70 mg once-daily in the 2-week on/off study and shown to be well tolerated. For the 3-week on/1-week off schedule study, the maximum tolerated dose (MTD) was established at 55 mg/d; however, due to excess dose-limiting toxicities (DLTs) in the MTD expansion cohort it was not considered as a RP2D. Continuous afatinib dosing was explored in two separate Phase I studies. One of these studies has already been reported \[[@CR21]\] and established a RP2D at 50 mg once-daily continuous. Results from the other study investigating a continuous schedule are reported here.

The primary objective of this study was to determine the safety and tolerability, and to establish the MTD of oral, once-daily afatinib when administered continuously in 28-day cycles. Secondary objectives were to assess the antitumor activity of afatinib, as well as its pharmacokinetic profile at steady state.

Methods {#Sec2}
=======

Study design {#Sec3}
------------

This was a Phase I, two-center, open-label study designed to establish the MTD and assess the overall safety and antitumor activity of afatinib in patients with advanced solid tumors. Patients received a single daily oral dose of afatinib for 28 days continuously. If treatment was tolerated, patients were allowed to receive repeated 28-day treatment cycles until the occurrence of progressive disease or toxicity. The afatinib starting dose for the first cohort was 10 mg/d, and the dose was doubled for each successive cohort until one or more patients experienced a DLT. Thereafter, dose escalation was to be of no more than 50 % increments.

The trial was conducted in a 3 + 3 design. Three patients were treated at each dose level. If one of them experienced a DLT, three additional patients were treated at that dose level. The MTD was the highest dose at which no more than one of six patients experienced a DLT. If two or more patients experienced a DLT, a total of six patients were treated at one dose tier below. Once the MTD was established, subject enrolment at the MTD was expanded to include a minimum of 18 patients to better characterize the safety profile, antitumor activity and the pharmacokinetic properties. Patients who experienced a DLT stopped study medication but could restart at a lower dose level if they recovered to Grade ≤1 adverse event (AE) within 2 weeks.

The following drug-related AEs (National Cancer Institute Common Terminology Criteria for Adverse Events; NCI CTCAE version 3.0) \[[@CR22]\] qualified as DLTs: Grade 4 hematologic toxicity, Grade 3 or 4 non-hematologic toxicity (except untreated nausea, untreated vomiting, or untreated diarrhea); Grade 2 or higher worsening of cardiac left ventricular function; Grade 2 or higher worsening of renal function as measured by serum creatinine, newly developed proteinuria, or newly developed decrease in glomerular filtration rate; Grade ≥3 diarrhea despite loperamide or other anti-diarrheal medication; persistent Grade ≥2 diarrhea for 7 or more days despite supportive care; Grade ≥3 nausea and/or vomiting despite antiemetic treatment; persistent Grade ≥2 nausea and/or vomiting for 7 or more days despite supportive care.

Patients underwent response assessment as defined in the Response Evaluation Criteria In Solid Tumors (RECIST) version 1.0 following completion of two 28-day cycles of therapy. Patients with stable disease or objective response who were tolerating study drug were eligible for continued therapy with repeat response assessments every other cycle.

Study population {#Sec4}
----------------

Male or female patients with a pathologically confirmed solid tumor, historically known to express EGFR and/or HER2, for whom no proven therapy existed or who were not amenable to established treatments, were eligible. Other eligibility criteria included: informed consent; age ≥18 years; Eastern Cooperative Oncology Group (EGOG) performance status of 0--2; life expectancy of at least 3 months; recovery from any prior surgery and any AEs related to previous therapy, and no prior treatment with an EGFR- or HER2-inhibiting drug within 4 weeks (8 weeks for trastuzumab) before the start of study medication.

An additional 12 patients recruited at the MTD were also required to have measurable disease according to RECIST version 1.0 \[[@CR23]\] or evaluable disease using recognized tumor markers, such as prostate-specific antigen for prostate cancer or cancer antigen 125 for ovarian cancer.

Concomitant medications {#Sec5}
-----------------------

Concomitant medications were given as clinically required. Recommendations for treatment of diarrhea, nausea, vomiting and rash were provided in the protocol. Additional chemo-, immuno-, hormone- or radiotherapy was not permitted, with the exception of ongoing hormone treatment for prostate cancer, bisphosphonates, or palliative radiotherapy.

Outcome measures {#Sec6}
----------------

Safety was assessed by monitoring the incidence and severity of AEs, which were graded according to the NCI CTCAE criteria version 3.0. Antitumor activity was assessed by tumor measurements according to RECIST and performed at 8-week intervals.

Pharmacokinetic analysis {#Sec7}
------------------------

Plasma concentrations of afatinib were determined at distinct time points on Day 1: pre-dose, 3 h and 24 h after the first drug administration. Pharmacokinetic (PK) parameters of afatinib were determined on Days 27--28 (steady state) of continuous treatment at the following timepoints: before drug administration and 1, 2, 3, 4, 5, 9 and 24 h after drug administration. Trough levels were determined on Days 8, 15 and 22 in the first treatment cycle and on Days 15 and 28 during repeated treatment periods up to the sixth cycle of therapy.

Noncompartmental analysis was conducted using WinNonlin® (version 4.1, Pharsight, Mountainview, CA). Standard noncompartmental methods were used to calculate the area under the plasma concentration-time curve over the time interval from 0 to 24 h at steady state (AUC~0--24,ss~), maximum measured concentration of the analyte in plasma at steady state (C~max,ss~), apparent clearance of the analyte in plasma following extravascular administration (CL/F~ss~), apparent volume of distribution during the terminal phase following an extravascular dose (V~z~/F~ss~) and terminal half-life of the analyte in plasma at steady state (t~1/2,ss~). Time from dosing to the maximum concentration of the analyte in plasma at steady state (t~max,ss~) was reported as a median value.

Results {#Sec8}
=======

Patient demographics and disposition {#Sec9}
------------------------------------

A total of 30 patients received at least one dose of afatinib and were included in the safety analysis. The baseline demographic characteristics of these patients are provided in Table [1](#Tab1){ref-type="table"}. Patients had different cancer types (the most common being ovarian and NSCLC) and were heavily pre-treated (96.7 % had ≥ 3 prior anticancer therapies). Patient disposition and exposure are listed in Table [2](#Tab2){ref-type="table"}. The MTD cohort included six patients to establish the MTD and an additional 13 patient expansion cohort instead of the planned 12, as two patients were entered very close together in time. This gave a total of 19 patients treated at MTD.Table 1Baseline demographic and disease characteristicsTotalNumber of patients treated, n (%)30 (100)Age (years) Median (range)60.0 (35--80)Gender, n (%) Male18 (60) Female12 (40)Race, n (%) White25 (83.3) Black4 (13.3) Asian1 (3.3)Smoking status, n (%) Never-smoker10 (33.3) Ex-smoker19 (63.3) Smoker1 (3.3)ECOG PS at screening, n (%) 013 (43.3) 112 (40.0) 25 (16.7)Cancer type, n (%) Ovarian6 (20.0) NSCLC4 (13.3) Prostate3 (10.0) Renal3 (10.0) Breast3 (10.0) Colorectal2 (6.7) Pancreatic2 (6.7) Other7 (23.3)Number of prior therapies, n (%) 21 (3.3) ≥329 (96.7)Number of prior chemotherapy regimens, n (%) 01 (3.3) 1--24--9 (30.0) ≥320 (66.7) Prior radiotherapy, n (%)18 (60.0)ECOG PS, Eastern Cooperative Oncology Group performance status; NSCLC, non-small cell lung cancerTable 2Patient dispositionAfatinib dose (mg/day)10204060TotalPatients treated (n)5319330Patients with DLT events during the initial 28-day treatment period (n)0012^a^3Patients discontinued owing to (n, %):DLT001 (5.3)1 (33.3)2 (6.7)Other AEs002 (10.5)1 (33.3)3 (10.0)Disease progression4 (80)3 (100)14 (73.7)1 (33.3)22 (73.3)Other1 (20)02 (10.5)03 (10.0)^a^One patient continued on afatinib treatment after dose reduction to 40 mg/dayDLT, dose-limiting toxicity; AE, adverse event; Other, worsening of disease under study, lost to follow-up, non-compliance and other

Assessment of DLT and MTD {#Sec10}
-------------------------

In total, three patients developed DLT during the first 28-day treatment cycle in the dose escalation phase, two out of three patients in the 60 mg cohort and one patient in the 40 mg cohort. Of the two DLTs that occurred in the 60 mg cohort, one patient was 80 years old, with prostate cancer, and the second patient was 77 years old, with endometrial cancer. In both cases, Grade 3 diarrhea occurred despite an optimal anti-diarrheal treatment. One of these patients (an 80 year-old with prostate cancer) continued on treatment after dose reduction to 40 mg/d. With two of three DLTs observed in the afatinib 60 mg cohort and no DLT observed with the afatinib 40 mg dose in the initial cohort of three patients, the 40 mg dose was further assessed in six patients, and with one DLT (Grade 3 diarrhea occurred in a 66 year-old patient with ovarian cancer), it was established as the MTD. The cohort was then expanded by a further 13 patients without additional DLTs occurring. As no intermediate dose between 40 mg and 60 mg afatinib was planned in the study, the MTD and RP2D for afatinib was defined at 40 mg/day when administered once-daily in a 28-day continuous-dosing treatment schedule.

Safety and tolerability assessments {#Sec11}
-----------------------------------

All 30 patients included in the safety analysis experienced at least one AE -- 29 had AEs considered by the investigators to be related to study medication. The most frequently reported treatment-related AEs are summarized by dose group and treatment cycle (cycle 1 versus cycle ≥2) and CTCAE Grade in Table [3](#Tab3){ref-type="table"}. Across all dose groups and treatment courses, diarrhea was the most commonly reported treatment-related AE (76.7 %), followed by mucosal inflammation (43.3 %), rash and nausea (both 36.7 %), fatigue and dermatitis acneiform (both 33.3 %). Diarrhea occurred across all dose ranges, but CTCAE Grade 3 events occurred only in the 40 mg/d and 60 mg/d groups. The onset of diarrhea typically occurred during the first treatment course in 70 % of patients. However, 76.7 % of the patients reported diarrhea during all courses.Table 3Selected treatment-related adverse events by treatment dose, highest CTCAE Grade and preferred termAfatinib dose (mg/day)10204060Grade^a^121234123123Course^b^1≥21≥21≥21≥21≥21≥21≥21≥21≥21≥21≥21≥2Decreased appetite000000000100300110200000Diarrhea002010110000913020001020Nausea101000100010221000100100Stomatitis000000100000311000100000Fatigue101000100000401010000001Rash000001000000421000102000Dry skin000010000000200000000000Dermatitis acneiform000000000000603000100000Rash erythematous000000100000200000000000Mucosal inflammation000000010000712000002000Epistaxis000000000000210000200000^a^Worst CTCAE Grade; ^b^course in which AE started; cycle length: 28 days; no treatment-related Grade 3 AEs were observed in the 10 mg dose cohortCTCAE, Common Terminology Criteria for Adverse Events; AE, adverse event

Six deaths were reported; one occurred during the treatment period and five other deaths were reported in the post-treatment period. None were considered to be related to the study medication.

No relevant changes in laboratory evaluations, i.e. those determined to be CTCAE Grade ≥2, were related to study medication. No cardiac events were reported throughout the treatment period.

Antitumor activity {#Sec12}
------------------

Twenty-nine out of 30 patients who had evaluable disease as per RECIST were included in the tumor response analysis. No objective responses were observed during the course of this study. Three patients remained on treatment for more than 16 weeks: one in the 20 mg/d group and two in the 40 mg/d group. Two of these had stable disease beyond six treatment courses (24 weeks) -- one ovarian cancer patient in the 20 mg group (204 days) and one patient with thymic carcinoma in the 40 mg group (280 days). In the 40 mg dose cohort, five patients (three with ovarian cancer, one with thyroid cancer and one with prostate cancer) experienced stable disease with a median progression-free survival of 111 days (range: 49--204 days).

Pharmacokinetics {#Sec13}
----------------

Individual and geometric mean (gMean) drug plasma concentration--time profiles of afatinib (40 mg dose group) during Treatment Period 1 are shown in Fig. [1](#Fig1){ref-type="fig"}. Steady-state was reached on Day 8 of Treatment Period 1 at the latest. Moderate-to-high inter-individual variability of the plasma concentrations of the patients in the 40 mg dose group was detected.Fig. 1Individual and gMean drug plasma concentration--time profiles of afatinib after oral administration of 40 mg/day for 27 days (*n* = 17). gMean, geometric mean

Across all dose groups, median t~max~ values at steady state ranged from 3 to 5 h after oral administration of afatinib. In general, at steady-state, gMean C~max~ values and total exposure increased with increasing doses of afatinib (Table [4](#Tab4){ref-type="table"}) and there was no obvious deviation from dose-proportionality. It should be noted that the gMean pharmacokinetic parameters of the 20 mg dose group (*n* = 3) were mainly influenced by one single patient, who displayed much higher afatinib plasma concentrations compared with the rest of the 20 mg dose group. As a result, values of the 20 mg dose group were therefore in a similar range to the pharmacokinetic parameters of the 40 mg dose group. The gMean terminal half-life following oral dosing ranged from 34 to 48 h; the overall gMean was 37.4 h (data not shown). Total body clearance was determined with gMean values between 567 mL/min and 2,980 mL/min and an overall gMean of 1,330 mL/min across all groups (data not shown). Afatinib exhibited a high apparent volume of distribution during the terminal phase, with gMean values between 1,990 and 16,100 liters (overall gMean: 3,630 liters -- data not shown). However, values obtained for total body clearance and volume of distribution should be treated with caution, as the absolute bioavailability of afatinib in humans is unknown.Table 4Geometric mean (and gCV%) pharmacokinetic parameters of afatinib on Days 27--28 (steady state) after multiple oral administration of afatinib once-dailyDay 27Afatinib dose q.d. (No. of patients)10 mg (*n* = 3)20 mg (*n* = 3)40 mg (*n* = 17)60 mg (*n* = 1)^\|\|^gMeangCV \[%\]gMeangCV \[%\]gMeangCV \[%\]gMeangCV \[%\]C~max,ss~\[ng/mL\]3.1863.724.615829.010586.7--C~pre,ss~\[ng/mL\]2.64^b^54.412.524316.1^c^66.952.3--t~max,ss~^a^\[h\]3.001.00--3.955.004.98--5.082.951.22--23.82.98--AUC~0--24,ss~\[ng·h/mL\]55.954.2442173498^c^90.31760--t~1/2,ss~\[h\]47.0^b^0.035648.488.934.0^d^64.640.5--V~z~/F~,ss~\[L\]16100^b^19.431602733150^d^1061990--CL/F~,ss~\[mL/min\]298054.27551731340^c^90.3567--^a^Median and range; ^b^*N* = 2; ^c^*N* = 16; ^d^*N* = 14; ^\|\|^No descriptive statistics, only individual values from one patientAUC~0--24,ss~, area under the plasma concentration versus time curve from 0 to 24 h at steady state; C~max,ss~, peak plasma concentration at steady state; C~pre,ss~, pre-dose plasma concentrations at steady state; CL/F~,ss~, apparent clearance of the analyte in plasma following extravascular administration at steady state; gCV \[%\], geometric coefficient of variation; gMean, geometric mean; t~1/2,ss~, terminal half-life at steady state; t~max,ss~, time to peak plasma concentration at steady state; V~z~/F~,ss,~ apparent volume of distribution of the analyte in plasma following extravascular administration at steady state

Discussion {#Sec14}
==========

A number of small-molecule tyrosine kinase inhibitors have been developed, which target the receptors of the ErbB Family, including gefitinib, erlotinib and lapatinib. These compounds have shown efficacy in the treatment of various solid tumors, including NSCLC \[[@CR8]--[@CR12]\] and metastatic breast cancer \[[@CR13], [@CR14]\]. Despite the improvements achieved in patient outcomes with reversible inhibitors of EGFR or EGFR and HER2, primary and acquired resistance to these agents remains a clinical challenge. This is exemplified by the emergence of resistance mechanisms such as the T790M EGFR mutation in NSCLC \[[@CR24]\]. It is likely that patients will benefit from treatment with an irreversible ErbB Family Blocker, such as afatinib that showed activity against EGFR-mutated NSCLC as well as in trastuzumab resistant HER2-positive metastatic breast cancer \[[@CR25]\].

This Phase I dose-escalation study was performed to determine the safety and tolerability, and to establish the MTD for continuous administration of afatinib, an ErbB Family Blocker. Results from this trial show that afatinib administered continuously for 28 days at the MTD of 40 mg/d is well tolerated with a manageable safety profile. Dose escalation to a dose between 40 mg/d and 60 mg/d, which clearly was above the MTD within this trial was not foreseen. Afatinib displayed good pharmacologic properties and pharmacokinetic results are in line with other data from Phase I studies of continuous or intermittent dosing of afatinib \[[@CR15], [@CR21], [@CR26]\]. All pharmacokinetic parameters displayed moderate-to-high variability within the expected range for orally administered EGFR tyrosine kinase inhibitors \[[@CR27], [@CR28]\].

In general, the AEs that were associated with afatinib in this study and the overall safety profile of afatinib are consistent with those observed with EGFR inhibitors \[[@CR29]--[@CR32]\]. Only three patients experienced a DLT consisting of Grade 3 diarrhea (two at 60 mg, one at 40 mg). Gastrointestinal and skin-related AEs were reported most frequently, and usually occurred within the first 2 weeks of treatment. These AEs were manageable with dose reduction and appropriate supportive care allowing prolonged administration of afatinib as with the currently available EGFR inhibitors erlotinib and gefitinib \[[@CR31], [@CR33], [@CR34]\].

Although, no objective response was observed in this trial, several heavily pre-treated patients experienced stable disease. It is of note that patients were not preselected based on the overexpression of EGFR or HER2.

Initial data from other Phase I dose-escalation studies in patients with advanced solid tumors showed that afatinib could be safely administered at a dose of 70 mg/d in a 2-week on/2-week off schedule \[[@CR35]\]. Afatinib was administered with tolerable side effects at 40 mg/d in a 3-week on/1-week off schedule \[[@CR36]\]. Results from this trial indicate that a dose of 60 mg/d is too high for a continuous dosing regimen, and that a dose of 40 mg/d can be safely administered, while data from another Phase I trial have established a RP2D at 50 mg/d \[[@CR21]\]. This dose was subsequently assessed in Phase II and III trials and its efficacy and tolerability was confirmed in a variety of tumor types \[[@CR37], [@CR38]\].

In conclusion, in this trial we confirmed the good tolerability with manageable safety profile of afatinib when administered orally, at a dose of 40 mg once-daily continuously.
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